Abstract. The technical aluminum alloy AA 5109 with a strong cube rolling texture has been deformed at room temperature by equal channel angular pressing (ECAP) using three passes of route A. Samples for ECAP have been cut parallel and at 45° with respect to the rolling direction yielding different starting textures. The local texture after ECAP has been investigated by highenergy synchrotron radiation. It is characterized by typical shear components of face-centred cubic (fcc) metals which deviate from their ideal positions. The texture with respect to intensity and deviation from ideal positions of the components depends on the distance from the top of the extruded billet and changes from pass to pass. It is also strongly influenced by the starting texture. The texture gradient has been discussed in the light of Tóth's flow line model. The texture results have also been compared with those of other fcc metals with different stacking fault energy.
Introduction
Equal channel angular pressing (ECAP) is one of the promising techniques for grain refinement to micron, submicron or in some cases up to nanometer size [1] . In this process, a billet is deformed in a narrow deformation zone at the plane of intersection of two die channels of equal area crosssection and the strain mode approximates closely simple shear (ideal case, Fig. 1 ). As the overall billet geometry remains nearly constant during ECAP, multiple passes through the die are possible without any reduction in cross-sectional area. This allows materials to be deformed to very high plastic strains. In general, large plastic deformation results in the development of texture. However, because of non-ideal simple shear deformation and friction during ECAP a texture gradient from the top to the bottom part of the die exists. This has already been shown for aluminum [2] , copper [3] and silver [4] . The same will be confirmed here for an aluminum alloy. Moreover, the influence of starting texture as well as stacking fault energy on texture formation in ECAP will be demonstrated. The results obtained from this investigation may be used for improving future simulations of the ECAP process and its related texture formation.
Experimental
Billets with dimensions of (10 x 10 x 100) mm³ were cut from a rolled and annealed aluminum alloy (AA 5109, Vereinigte Aluminiumwerke Bonn). The chemical composition of the alloy is given in Tab. 1. As it can be seen, Mg is the main alloying element in this alloy. It is partly in solid solution and has a role to reduce the stacking fault energy, while the rest of Mg together with other elements forms precipitates which according to [5, 6] may be Mg 2 Si and Al 6 (Mn, Fe) or more complex compounds. Samples for ECAP were cut parallel and at 45° with respect to the rolling direction (hereafter referred to as Al 0° and Al 45°, respectively) yielding different starting textures. ECAP was carried out up to one, two and three passes using route A [1] . The channels of the ECAP die had a square cross section of (10 x 10) mm² meeting at an angle Φ = 90° (Fig. 1) . All corners and edges of the die were sharp. The ECAP was done at room temperature with a crosshead speed of 1 mms -1 using MoS 2 as lubricant. Texture measurements were done by neutron diffraction on a cube of about 10 mm length cut from the middle of each deformed billet and the undeformed one. As the neutron texture represents the entire cube, it is therefore referred to as global texture. In order to examine the homogeneity of ECAP deformation, the local texture was analyzed by high-energy synchrotron radiation using beam line BW5 (≈100 keV) at DESY-HASYLAB in Hamburg, Germany. The sample for local texture measurements with synchrotron radiation was a pin of (1 x 1 x 10) mm³ taken from the centre of the billet with the long sample axis parallel to the Y-axis. The texture was measured at 5 positions along the Y-axis. Details about the synchrotron texture measurements are given in [7] .
Results
The starting material was completely recrystallized and had an average equiaxed grain size of about 60µm. The texture of samples Al 0° and Al 45° was a strong cube and rotated cube texture, respectively (Fig. 2) .
During ECAP, the texture changed leading to the formation of components typical for simple shear deformation. Compared with ECAP of high purity aluminum, no recrystallization took place because the recrystallization temperature of AA 5109 is about 300°C [8] . The texture after one pass as a function of position from the top to the bottom of the extruded billets is shown in Fig. 3 . It is 0 mm 10 mm
Nanomaterials by Severe Plastic Deformation represented by ϕ 2 = 0° and ϕ 2 = 45° ODF sections, which contain all major ECAP texture components of face-centered cubic (fcc) metals. The preferred orientations after ECAP are compared with the ideal components of simple shear in the intersection plane of the channel die, as suggested by Segal [9] (Fig. 1) . The transformation to the ECAP reference system X, Y, Z has been given by Tóth et al. [10] and is presented in Fig. 3a . The sequence of the ODF sections from the top to the bottom of the billets shows that there is a texture gradient with respect to intensity and position of the components. The maximum change is apparent in the lowest section, which extends up to 30% of the billet height. The intensity and deviation from the respective ideal position is different for different texture components. While in the main part of the billet (upper 70%) the deviation change in location of components (deviation gradient) is comparable for all components the intensity change of respective components (intensity gradient) is non-uniform (Figs. 4a and b). Moreover, intensity as well as position changes from pass to pass. The existence of a texture gradient has already been reported for pure Al [2] , Cu [3] and Ag [4] . What is new here is the strong dependence of the ECAP texture on the starting texture. The most striking observations on this aspect can be summarized as follows (also compare Fig. 5 ):
i) The intensities of the texture components are higher for the Al 45° than for the Al 0° samples.
There is a slight increase and decrease, respectively, with the number of passes. The strongest component changes with number of passes in Al 0° from cube to A 1 * E , while in Al 45° it is from A 2 * E to A 1 * E via B E . With increasing number of passes the influence of the starting texture diminishes.
ii) The cube component of Al 0° rotates about 65° in pass 1 and then back to 20° in pass 2 and 15° in pass 3. Its intensity decreases with the number of passes and finally it seems to disappear. iii)The deviations from the ideal position of the other components fall into a band with a width of about 10°. The band has a slope with respect to the distance from the top of the billet, which in general is negative. For the same pass, there are differences of the two starting materials in position and slope of the band. A comparison of the ECAP textures of AA 5109 with those of fcc metals with different stacking fault energy is shown in Fig. 5 . Because of the strong influence of the starting texture in the first two passes, the comparison seems to be meaningful only for pass 3. With decreasing stacking fault energy, i.e. in going from Cu to Ag, the main component changes from A 1 * E to B E . In the Al alloy used the intensity of both components is comparable indicating that the stacking fault energy may have been reduced by the alloying elements, mainly Mg, to a value slightly lower than that of Cu. The same conclusion may be also drawn from the integral deviation of the components (Fig. 5 ) and the deviation gradient (Fig. 6 ) of pass 3 which are closer to that of Ag.
Discussion
It has been clearly shown that the texture after ECAP depends on different parameters: position of measurement within the billet, starting texture and stacking fault energy. The effect of each of these parameters on texture formation during ECAP will be discussed below.
Texture gradient. The texture gradient of the different ECAP components with respect to intensity and deviation from their ideal simple shear positions has already been reported and discussed by us for Al [2] , Cu [3] and Ag [4] . Similar arguments may be applied here.
Extrusion of material through a bent channel may be described by a flow field, in general the exact form being not known. According to Tóth's flow line model [10] , with flow lines symmetrically running with respect to the intersection plane of the two channels, the total accumulated strain depends on the shape of the flow lines. With increase in bending, from circle to rectangle, the strain increases by 25% reaching the limit of discontinuous shear confined to the intersection plane of the two channels. As the total strain experienced along a flow line is large, the maximum difference of 25% should only slightly affect the relative intensities of the texture components corresponding to different flow lines, in crude agreement with experiment (Fig. 4a) . There is, however, another effect related to the shape of the flow lines, which leads to different rotations of the texture as a function of the flow line parameter n describing the sharpness of the bend. The larger the n value, the sharper is the bend. As shown by Tóth [11] , the rotation increases as n decreases (this rotation is in the anticlockwise direction around TD and to the right in the ϕ 2 = const. ODF sections). It is then expected from the flow line model that the texture is more rotated towards the increasing ϕ 1 direction in the ODFs as Y increases. This takes place in all passes (Fig. 4b) , but the gradient is generally lower in the 2 nd and 3 rd pass. The differences in the shape of the flow lines induce differences in work-hardening. Although the maximum strain difference is about 25% between the top and bottom regions, it can create significant differences in the flow stress of the material when the rate of work-hardening is high. This is exactly the case for metals with low stacking fault energy. The rate of work-hardening decreases strongly during the second and third pass as the material will be in stage IV of workhardening, in which the rate of hardening is as low as for single slip hardening of a single crystal. This can lead to a smaller change of the shape of the flow lines in the second and third pass, and consequently, to a smaller texture gradient.
The shape of the flow lines is changed by friction which is highest at the bottom wall of the channel die. With increasing friction the metal-free outer corner zone becomes smaller [12] , thus producing a sharper bend in the flow lines, corresponding to a higher n value in the bottom part of the billet. If friction is very high, material will stick in the corner and at the bottom wall by this drastically changing the flow conditions. The amount of friction is proportional to the normal force with the friction coefficient depending on materials and lubrication. Thus, with increasing hardness of the material the normal force increases while the friction coefficient decreases. If the latter effect dominates then the rotation discussed above is diminished. This is in agreement with the reduced deviation gradient observed in passes 2 and 3. Another effect produced by friction is an asymmetry of the flow lines. Its influence on texture formation is not understood so far. 
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Measurements of the shear strain distribution from deformed grids as well as FEM results show that there exists a well-defined zone in the bottom section of the billet (about 30% of its width) with less shear strain [12 -14] . As already mentioned, this zone as well as the empty outer corner zone decrease with increasing friction. The texture gradient observed in the present investigation is in good agreement with these findings. The increasing flow stress from the top to the bottom (see reasoning above) decreases the effect of friction as the layers near to the bottom are expected to be 
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harder. This hardness gradient is working opposite to friction. Namely, the effect of friction is to reduce hardening because it makes less shear strain. For Ag friction was found to be almost absent in the 1 st pass, but increases in the 2 nd and 3 rd pass. This is indicated by the decrease in intensity as well as the increase in deviation from the ideal position of component B E [4] . Similar results have been obtained for Cu, however, in that case friction plays a role from the first pass onwards [3] . The same arguments hold for AA 5109.
Starting texture. The starting texture has a strong influence on texture formation during ECAP. This is because the strain during each ECAP pass is not large enough to extinguish the texture prehistory, in particular, if the starting texture consists of a sharp single component as is in the present case. After several passes a texture characteristic of a certain ECAP route seems to develop. However, this has to be confirmed by more than three passes.
In the present work, ECAP has been carried out on samples with two different starting textures. In the following the different transformation paths of these two textures will be discussed.
Cube texture. Part of the cube component during route A of ECAP rotates around the transverse direction away from its starting position yielding deviations of 65°, 20° and 15° in pass1, 2 and 3, respectively. As has been shown by Tóth and Jonas [15] an ideal cube orientation during simple shear does not experience a plastic spin, but just a rigid body rotation of 57.3° per pass around the transverse direction in positive ϕ 1 direction. Taking into account a ϕ 1 = -90° rotation between the passes then the deviations after the 2 nd and 3 rd pass are 23.6 and -9.1°, respectively. The first two values agree quite well with experiment. However, this consideration does not take into account the orientation spread and the non-ideal simple shear condition in ECAP along the intersection plane, which may lead to larger deviations of the cube component. The rest of orientations within the cube component migrates towards the ECAP shear positions. In pass 1 the maximum intensity develops close to C E while in passes 2 and 3 it is at A 1 * E . Because the migration path to these components is quite long and/or the rotation rate is quite low the intensities at the ϕ 1 deviated ideal positions are very low.
Rotated cube texture. In contrast to the cube component, the rotated cube component behaves differently during ECAP. When deformation begins, it is shifted from its ϕ 1 = 90° position to ϕ 1 = 0° because the sample has to be inserted into the die implying a 90° clockwise rotation around the transverse direction. When the material passes the plastic zone, it mainly experiences a negative simple shear. For such a deformation mode, the flow pattern in orientation space is a drift of all orientations in the increasing ϕ 1 direction. The nearest orientation, as can be seen in the key figure 3a, is A 2 * E , so most of the grains rotate into this component. The A 1 * E component is further away, so its intensity is expected to be less. This prediction agrees well with the measured textures, see Figs. 3b and c. The formation of the B E component can be understood with the help of a similar reasoning using the ϕ 2 = 45° ODF sections.
Stacking fault energy.
It is well known that the stacking fault energy is the most important parameter in crystal plasticity because it determines dislocation dissociation and hence recovery processes like cross slip of screw and climb of edge dislocations. Moreover, twinning takes place more frequently in materials with low stacking fault energy. Less dynamic recovery leads to inhomogeneous slip, while twinning as additional deformation mechanism produces large orientation changes. Thus, texture formation is strongly influenced by these two processes leading to typical copper and brass type textures when going from high to stacking fault energy fcc metals [16] . In rolling of copper, the strongest component is {112}<111> (copper component) while for brass it is {110}<112> (brass component). It is interesting to note, that the corresponding strongest ECAP components in the shearing reference system are A 1 * ({111}<112>) and B ({112}<110>), which may be obtained by just changing planes and directions of the rolling components. Mechanical twinning has been observed in ECAP deformed Ag [17] . However, the occurrence of twinning in AA 5109 has to be investigated.
Conclusions
1) ECAP of Al alloy AA 5109 leads to a non-uniform texture from the top to the bottom of the billet. The inhomogeneity decreases with the number of passes. The texture gradient is due to the change in material flow from top to bottom of the channel which is affected by friction at the bottom wall. Metal-free outer corner zone as well as friction strongly affects about 30% of the billet's width at the bottom. 2) The starting texture has a strong effect on texture formation. Its influence diminishes with increasing number of passes. There seems to be the development of a stable ECAP texture.
3) The major texture component changes with decreasing stacking fault energy of the metal from A 1 * E to B E .
